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TRANSPORT  AND  INTERFACIAL  KINETICS 
IN  MULTIPHASE  COMBUSTION  SYSTEMS 

Principal  Investigator:  Prof.  Daniel  E.  Rosner 


1.  INTRODUCTION 

The  performance  of  aircraft  gas  turbine  engines  under  sooting  conditions  and/or  ramjets  burning 
slurry  fuels  (leading  to  oxide  aerosols  and  deposits),  depends  upon  die  formation  and  transport  of  small 
particles  of  complex  morphology,  often  in  non-isothermal  combustion  gas  boundary  layers  (BLs). 
Aggregate  formation  /  transport  are  also  important  in  chemical  reactors  used  to  synthesize/process 
aerospace  materials,  including  mrbine  blade  coatings,  optical  waveguides,  ceramic  precursor  powders,...). 
Accordingly,  this  3  year  research  program  was  directed  toward  providing  chemical  propulsion  system 
engineers  with  rational  new  predictive  techniques  to  deal  with  particle  formation-transport-deposition 
phenomena,  accounting  for  significant  non-spherical  particle  morphology  effects.  An  interactive 
experimental/theoretical  approach  has  been  used  to  gain  an  understanding  of  performance-limiting 
mass/energy  transfer-phenomena  at  or  near  interfaces.  This  included  the  development  and  exploitation  of 
laboratory  diffusion  flame  burners  and  new  (thermophoresis-based)  soot  diagnostic/characterization 
techniques  (Sections  2,5).  Resulting  experimental  data,  together  with  the  predictions  of  asymptotic 
theories,  were  used  to  propose  and  verify  rational  engineering  correlations  for  future  design/optimization. 


2.  RESEARCH  ACCOMPLISHMENTS 

The  most  important  results  obtained  under  Grant  AFOSR  F49620-94-1-0143  during  the  period: 
Feb.  15,  1994-Feb.  14,  1997  can  be  broadly  divided  into  the  subsections  below.  Since  our 
techniques  and  results  are  so  thoroughly  documented  in  our  archival  publications  (Section  5)  and  previous 
Annual  Reports,  this  Final  Report  provides  only  a  brief  overview. 

2. 1 .  SEEDED  LAMINAR  COUNTERFLOW  DIFFUSION  FLAME  EXPERIMENTS:  FORMATION, 

COAGULATION,  TRANSPORT  AND  STABILITY  OF  COMBUSTION-GENERATED  PARTICLES 

Particles  produced  during  combustion  processes  frequently  become  aggregates  of  much  smaller 
"primary"  spherules,  partially  'fused'  due  to  high  temperatures.  Consequently,  the  resulting  aggregates 
can  differ  in  morphology  and  size  according  to  the  flame  conditions  under  which  they  are  generated  and 
'processed'.  Since  particle  morphology  and  aggregate  transport  properties  are  interrelated  (Tandon  and 
Rosner,  1996),  it  is  important  to  understand  not  only  aggregate  formation  but  also  their  morphological 
evolution  in  flames.  We  have  carried  out  experimental  investigations  of  the  morphological  evolution  of 
flame-generated  aggregates  at  low  particle  volume  fractions  (O(10-i  ppm))  in  a  well-defined/characterized 
laminar  non-premixed  combustion  environment.  AI2O3  particles  synAesized  in  a  A1(CH3)3  (TMA)- 
seeded  atmospheric  pressure  laminar  counterflow  diffusion  flame  fueled  with  CH4/O2/N2  are  used  as  the 
model  material/combustion  system  (Xing,  era/., 1996).  Experiments  include  laser  light  scattering  (LLS) 
and  thermophoretic  sampling/Transmission  Electron  Microscope  (TEM)  techniques  (Koylu,  era/.,  1995). 
Aggregate  morphology  was  characterized  in  terms  of  spherule  ("grain")  size,  aggregate  size,  aggregate 
shape  and  frac^  structure.  Additionally,  the  effects  of  temperature  and  TMA  concentration  on  particle 
sizes  and  morphology  were  also  investigated  systematically  and  interpreted  based  on  parallel  theoretical 
studies.  LLS  signals  and  typical  TEM  images  clearly  illustrated  particle/aggregate  size  and  morphology 
evolution  as  a  result  of  two  competing  processes,  with  coagulation  increasing  aggregate  sizes,  and 
sintermg  reducing  aggregate  surface  areas.  Mean  spherule  diameters  were  found  to  be  in  the  range  of  only 
13  to  40  nm,  increasing  with  increasing  temperature  and  with  TMA  concentration.  Mean  aggregate  sizes 
reached  a  maximum  near  a  local  temperature  of  only  1250  K  and  increased  with  TMA  seed  level.  Perhaps 
most  interesting,  the  final  products  were  compact  spherical  particles  resulting  from  complete  'collapse'  of 
the  aggregates,  apparently  as  a  result  of  surface  diffusion  rather  than  surface  energy-driven  "viscous 
flow".  These  results  were  shown  to  be  compatible  with  the  characteristic  times  governing  each  of  the 
participating  "unit"  rate  processes  (Xing,  er.a/.,1996).  More  comprehensive  quantitative  predictions  are 
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underway  for  multi-phase  laminar  CDFs  and  will  be  part  of  our  follow-on  AFOSR  research  program.  The 
experimental  and  theoretical  methods  developed  and  illustrated  here  will  find  applications  in  controlling 
the  synthesis  of  valuable  nano-powders,  and  facilitate  rational  extensions  into  the  domain  of  turbulent  non- 
premixed  combustors  generating  desired  or  inadvertent  ultrafme  particles. 

2.2  IMPLEMENTATION  OF  THERMOCOUPLE  PARTICLE  DENSITOMETRY  (TPD) 

Thermocouple  Particle  Densitometry  (TPD)  is  a  convenient,  inexpensive  and  robust  method  for 
measuring  absolute  and  local  soot  volume  fractions,  fv ,  in  flames  first  suggested  by  Eisner  and  Rosner  in 
1985.  Based  on  the  laws  governing  thermocouple  response  to  thermophoretic  soot  deposition,  this  method 
has  now  been  successfully  implemented  in  both  axisymmetric  co-flowing  laminar  diffusion  flames  as  well 
as  CDFs  (McEnally  et.al.,l997).  Since  it  yields  spatially  resolved /v- values  direefly  and  can  easily 
measure  low  soot  concentrations,  TPD  is  especially  applicable  to  spatially  non-uniform  and/or  lightly 
sooting  flames.  To  further  evaluate  the  method,  TPD  soot  volume  fractions  (ppm)  were  recently  measured 
in  several  laminar  non-pre-mixed  flames.  In  methane  and  ethylene  counterflow  flames  the  TPD  results 
agreed  to  within  experimental  error  with  laser  extinction  measurements  we  performed  in  the  same  flames. 
In  axisymmetric  methane  and  ethylene  co-flowing  flames  the  shape  of  TPD /v  profiles  also  agreed  weU 
with  published  de-convoluted  laser  extinction  measurements  in  similar  flames.  However,  soot  volume 
fractions  inferred  from  mass  deposition  were  systematically  somewhat  larger  than  laser  extinction  results 
in  the  lower  portion  of  an  ethylene  co-flowing  diffusion  flame,  and  throughout  a  methane  co-flowing 
flame  probably  due  to  deposition  of  visible-light-transparent  particles  with  masses  of  several  thousand 
amu,  imown  to  be  present  in  such  flames.  This  implies  that  TPD  could  prove  useful  in  future  studies  of 
the  significance  of  these  "invisible"  soot  precursors. 

2.3  MORPHOLOGY  OF  FLAME-GENERATED  'SOOT'  AGGREGATES 

We  have  developed/tested/Zexploited  practical  image-analysis  methods  for  inferring  the  fractal 
characteristics  of  thermophoretically  sampled  aggregates  based  on  their  projected  (2-D)  images  (Koylu 
et.al. ,\995). 

Based  on  our  investigation  of  over  3000  electron  microscope  images  of  soot  aggregates  from  a 
variety  of  laminar  and  turbulent  hydrocarbon-iu^ed  flames  we  have  found  (Neimark  er.a/.(1996))  that 
their  scaling  properties  cannot  be  characterized  solely  using  the  now-familiar  mass  fractal  dimension,  Df. 
Rather,  the  asymmetric  properties  of  flame- generated  soot  evidently  require  the  introduction  of 
longitudinal  ([(l+H)/2]*Df)  and  transverse  ([(l-tH)/2H]*Df)  exponents,  where  Df=1.75  and  H=0.91.  In 
this  sense  combustion-generated  soot  aggregates  should  apparently  be  regarded  as  self-affine  rather  than 
self-similar.  Moreover,  widely  employed  diffusion-limited  cluster-cluster  aggregation  (DLCCA-)  models, 
while  undeniably  providing  a  useful  first  approximation,  are  unable  to  accurately  describe  these  aggregate 
populations  not  only  with  respect  to  H^^l  but  also  with  respect  to  lacunarity  (pre-exponential  factor;  see 
Koylu  et.al.(l995)).  This  statistically  significant  asymmetry  may  prove  to  be  important  for  predicting 
essential  transport  and  radiative  properties  of  suspended  aggregates. 

2.4  THEORY  OF  TRANSPORT,  RESTRUCTURING,  AND  RADIATIVE  TRANSPORT  PROPERTIES  OF 

FLAME-GENERATED  AGGREGATES 

The  ability  to  reliably  predict  transport  properties  and  morphological  stability  of  aggregated  flame¬ 
generated  particles  (carbonaceous  soot,  AI2O3,  Si02,...)  is  important  in  chemical  propulsion  and 
refractory  materials  fabrication  applications.  We  have  developed  efficient  methods  to  anticipate 
coagulation,  restructuring,  and  ultimate  deposition  rates  of  suspended  populations  of  such  particles  in 
combustion  systems,  as  well  as  laws  needed  to  interpret  laser-based  soot  diagnostics.  In  one  asymptotic 
limit  large  'fractal'  aggregates  are  treated  using  a  spatially  variable,  effective  porosity  pseudo-continuum 
model  (see,  eg.,  Rosner  and  Tandon  (1994)  and  Tandon  and  Rosner(1996)).  Indeed,  the  competition 
between  restructuring  kinetics  and  coagulation  kinetics  determines  the  observed  size  of  the  apparent 
"primary"  particles  comprising  soot  particles  (Xing  and  Rosner,  1996),  as  well  as  the  "collapse"  of  surface 
area  observed  in  some  high  temperature  systems.  These  studies,  together  with  our  methods  to  predict 
interactions  between  aggregates  and  their  surrounding  vapor  environment  (interactions  which  can  lead  to 
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primary  particle  growth,  or  (for  carbonaceous  soot  in  the  presence  of  oxidizing  species  burn-out)  are  now 
available  to  be  incorporated  into  our  laminar  CDF  structure  modelling  (Xing  et.al.,1997).  This  work  will 
also  facilitate  rational  extensions  into  the  uncharted  domain  of  turbulent  non-premixed  combustors 
generating  ultrafine  particles,  via  extended  flamelet  models. 

2.5  PARTICLE  FORMATION  AND  TRANSPORT  IN  LAMINAR  BOUNDARY  LAYERS  AND  MKING 

LAYERS 

Because  of  the  implications  for  depositing  thin  solid  films  (Rosner,  Collins,  1994)  and  soot  layers 
we  also  investigated  particle  formation  in  laminar  boundary  layers  and  deposition  near  hot  solid  surfaces, 
leading  to  'mixed'  particle  plus  vapor  deposition  ("co-deposition",  see  Tandon  and  Rosner,  1996;  Castillo 
and  Rosner,  1996).  These  phenomena  dso  occur  when  fuel-rich  vapors  'impinge'  on  hot  solid  surfaces, 
as  in  gas  turbine  combustors.  We  have  developed  a  promising  rational  approach  to  predict  the  self- 
consistent  deposit  roughness  as  well  as  deposition  rate  in  such  circumstances  (Tandon  and  Rosner  (1996). 

2.6  PARTICLE  IMP  ACTION  ON  CYLINDRICAL  TARGETS  lERQSIQCLBEHAVIOR  OF  CERAMIC  OR  METAL  TARGETS 

IN  fflGH-SPEED  ABRASIVE  STREAMS 

We  have  exploited  our  earlier  correlations  for  inertial  impaction  using  an  effective  Stokes  number 
to  calculate:  a)  particle  deposition  rates  on  cylindrical  targets,  including  rebound  behavior  (Rosner  and 
Tandon,  1995a)  and  b)  the  relation  between  the  particle  size  distribution  of  deposited  particles  and  the 
particle  size  distribution  of  the  mainstream  suspension  (Rosner  and  Tandon,  1995b) 

By  capturing  with  simple  formulae  the  essential  features  of  available  erosion  yield  experiments,  we 
have  developed  an  efficient  method  to  predict  local  and  total  surface  erosion  rates  for  metal  or  ceramic 
targets  of  simple  geometry  exposed  to  a  'polydispersed'  population  of  abrasive  particles  suspended  in  a 
high-speed  mainstream  (Rosner  et.al.  (1995),  Kho  et.al  (1995),  Khalil  and  Rosner(1996)).  Our  earliest 
methods/results  iloc.  cit.)  were  deliberately  limited  to  small  relative  changes  in  body  shape  to  allow  for 
arbitrary  Stokes  numbers.  We  then  relaxed  this  assumption  for  the  limiting  (worst-)  case  of  rectilinear 
erodent  particle  trajectories.  The  interface  was  assumed  to  recede  normal  to  itself  at  the  rate  determined  by 
the  local  particle  impaction  frequency,  angle-of-incidence  and  velocity  (Rosner  and  Khalil  (1996)).  The 

normalized  "body"  radius  R( 6,  ft)  at  polar  angle  6,  and  dimensionless  exposure  time  x  was  found  to 
satisfy  an  interesting  first-order  nonlinear  PDE.  Illustrative  results  were  obtained  comparing  the  erosion 
rate  behavior  of  initially  circular  targets  of  a  ceramic  and  a  metal  by  numerically  solving  this  PDE  using 
the  "method  of  lines".  Calculated  interface  positions  revealed  "nose  blunting"  for  the  erosion  of  ceramic 
targets  in  a  uniform  erodent-carrying  stream.  In  contrast,  "nose-sharpening"  occurred  for  metal  targets, 
with  the  development  of  an  ogive-shaped  feature  facing  upstream.  Our  methods  can  be  used  to 
calculate/correlate  the  erosion  behavior  of  targets  of  other  important  aerodynamicjAope^,  including 

spheres,  cones, . These  methods/results  will  allow  aerospace  design  engineers  to  anticipate  erosion 

behavior  in  a  variety  of  particle-laden  flow  environments,  and  provide  guidance  on  tolerable  particle 
loadings,  required  maintainence  frequencies,  and  materials  selection. 

3.  ADMINISTRATIVE  INFORMATION:  PERSONNEL,  PRESENTATIONS, 
APPLICATIONS,  TECHNOLOGY  TRANSFER 

The  following  sections  summarize  some  pertinent  facets  of  the  abovementioned  Yale  HTCRE 
Lab/AFOSR  three  year  research  program  of  management  interest: 

3.1  Research  Personnel 

Our  present  results  (Sections  2  and  5)  are  due  to  the  contributions  of  the  individuals  listed  in  Table 
3.1-1,  which  also  indicates  the  role  of  each  researcher.  It  will  be  noted  that,  in  addition  to  the  results 
themselves,  this  program  has  simultaneously  contributed  to  the  research  training  of  my  PhD  students  J. 
Collins,  P.  Tandon,  and  Y.  Xing,  who  are  now  be  in  an  excellent  position  to  make  future  contributions  to 
technologies  oriented  toward  air-breathing  chemical  propulsion,  and/or  high-tech  aerospace  materials 
processing. 
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Table  3.1-1  Summary  of  Research  Participants^^  on  AFOSR  Grant:  F49620-94- 1-0143: 


TRANSPORT  PHENOMENA  AND  INTERFACIAL  KINETICS 
IN  MULTIPHASE  COMBUSTION  SYSTEMS 


Name 

Status^ 

Principal  Research  Activity** 

Castillo,  J.L. 

Res.  Vis. 

x-port  props,  of  aggregates 

Collins,  J. 

PDRA 

chemical  vapor  deposition 

Farias,  T. 

Res.  Vis. 

radiative  props,  of  aggregated  soot 

Garcia- Ybarra,  P. 

Res.  Vis. 

x-port  props,  of  aggregates 

Khalil,  Y.F. 

Res.  Assoc. 

erosion  of  ceramics 

Kho,  T. 

GRA(MS) 

CV-Deposit  density  correlation 

Konstandopoulos,  A.G. 

Res.  Vis. 

deposition  rate  theory 

Koylu,  U.O. 

PDRA 

thermophoretic  sampling/image  analysis 

McEnally,  C. 

PDRA 

thermophoresis-based  soot  diagnostics 

Neimark,  A.  V. 

Vis.  Fac. 

fractal  morphology  of  aggregates 

Rosner,  D.E. 

PI 

program  direction-dep.  theory/exp 

Tandon,  P. 

GRA,PDRA 

x-port  props,  of  aggregates 

Xing,  Y. 

GRA 

particle  prod/char.  inCDFs 

Vaidya,  D. 

PDRA 

simultaneous  coag.  +  restructuring 

a  PDRA=Post-doctoral  Research  Asst  GRA=  Graduate  Research  Assistant  (PhD  unless  designated  MS 

PI  =  Principal  Investigator  See  Section  5for  specific  references  cited  in  text  (Section  2) 


3.2  Cooperation  with  US  Industry 

While  the  research  summarized  here  was  supported  by  AFOSR  under  Grant  AFOSR  94-1-0143, 
the  Yale  HTCRE  Laboratory  has  also  been  the  beneficiary  of  continuing  smaller  grants  from  U.S. 
industrial  corporations,  including  groups  within  ALCOA,  GE,  DuPont,  Union  Carbide  (now  Advanced 
Ceramics  Corp.)  and  Shell,  as  well  as  the  feedback  and  occasional  advice  of  principal  scientists/engineers 
from  each  of  these  corporations  and  Combustion  Engineering- ABB  and  Textron.  We  appreciate  this  level 
of  collaboration,  and  expect  that  it  will  accelerate  inevitable  applications  of  our  results  in  areas  relevant  to 
their  technological  objectives  (see,  also.  Section  3.4,  below). 

Periodically  our  results  are  picked  up  and  used  by  aerospace  industrial  contractors.  As  mentioned 
below  and  included  in  my  September  1996  report  as  a  formal  "Technology  Transition",  a  variant  of  our 
recent  method  to  correlate/predict  the  density  of  vapor  deposited  graphite,  BN,...(Kho,er.fl/.,1995, 
Section  5.1)  is  being  used  by  Advanced  Ceramics  Corp.  (M.  B.  Dowell,  et.al.)  to  guide  the  selection  of 
production  conditions  in  their  CVD  reactors.  Another  such  transition  based  on  the  PhD  research  of  J. 
Collins,  1995  is  also  taking  shape  and  will  be  reported  in  due  course. 

3.3  External  Presentations,  Research  Training 

Apart  from  the  ca.  24  publications  itemized  in  Section  5.1,  and  the  5  submitted  papers  now  in  print 
(Section  5.2)  verbal  accounts  of  our  research  on  soot  diagnostic  techniques,  soot  morphology  and 
transport,  particle  and  vapor  deposition  dynamics,  and  erosion  were  presented  on  some  32  occasions  over 
this  reporting  period,  including  invited  presentations  at  the  US  Corporations:  DuPont,  ALCOA,  and  PPG, 
and  at  each  of  the  annual  AIChE,  AAAR  and  MRS  meetings.  As  noted  below,  the  present  3  year  AFOSR 
program  has  also  led  to  some  120  citations  under  the  Pi's  name:  Rosner,  D.E.  in  Science  Citation  Index. 


A 


This  research  program  also  involved  completion  of  the  PhD  dissertation  research  of  Joshua 
Collins  and  Pushkar  Tandon,  and  will  be  the  basis  of  the  PhD  dissertation  of  Yangchuan  Xing,  expected 
to  defend  his  work  in  September  of  this  year. 

3.4  Applications  of  Yale-HTCRE  Lab  Research  Results,  Including 
Technology  Transfer 

It  has  been  gratifying  to  see  direct  apphcations  of  some  of  this  generic  AFOSR-supported  particle 
and  vapor  mass  transfer  research  in  more  applications-oriented  investigations  reported  in  recent  years  . 
Indeed,  the  writer  would  appreciate  it  if  further  examples  known  to  the  reader  can  be  brought  to  his 
attention.  As  a  result  of  the  present  3  year  AFOSR  program,  over  one  hundred  citations  under  the  Pi's 
name:  Rosner,  D.E.  have  appeared  in  Science  Citation  Index. 

We  communicated  a  Sept.  1996  Technology  Transition  which  was  a  variant  of  our  recent  method 
to  correlate/predict  the  density  of  vapor  deposited  graphite,  BN,...(Kho,er.a/.,1995).  This  correlation  is 
being  used  by  Advanced  Ceramics  Corp.  (M.  B.  DoweU,  etal)  to  guide  their  selection  of  CVD  reactor 
operating  conditions.  It  should  also  be  apphcable  in  the  field  of  diamond  film  deposition. 

While  the  work  described  in  McEnally  et.al.,  1997,  has  the  potential  of  leading  to  a  thermocouple- 
based  instrument/software  package  for  determining  local  soot  volume  fractions  and  temperatures  in 
laminar  flames  (based  on  the  laws  of  soot  particle  ttiermophoresis,  completely  independent  of  particle 
optical  properties,  and  applicable  to  very  low  soot  volume  fractions),  we  have  no  immediate  plans  to 
pursue  the  patent/licencing  implications.  Our  most  recent  demonstration  that  thermophoretic  theory 
combined  with  TEM-grid  information  can  provide  local  soot  volume  fractions  as  well  as  all  required 
morphological  information  (Koylu  et.  al.,  1997;  Section  5.2),  is  expected  to  have  a  significant  influence 
on  soot  research  worldwide,  especially  since  the  optical  properties  of  "young"  soot  are  poorly  known. 

Of  course,  in  combustion  fundamentals  research,  many  groups  (eg.,  Dobbins  et.al.  (Brown  U.), 
Faeth  et.al.  (U.  Mich.),  Katz  et  al.  (J.  Hopkins  U.))  are  now  utilizing  "thermophoretic  sampling" 
techniques  to  exploit  the  size-  and  morphology-insensitive  capture  efficiency  characteristics  proven  in  our 
AFOSR  research  (Sections  2.1,  2.3).  Our  earlier  thermophoretic  studies  (eg.,  Gomez  and  Rosner,  1993) 
have  also  led  to  an  appreciation  of  the  associated  systematic  corrections  needed  in  particle  velocimetry ,  as 
well  as  the  important  role  that  particle  stagnation  plane  location  plays  in  powder  synthesis  flames. 

Our  AFOSR-supported  research  on  soot  deposition  rates  from  flowing  laminar  or  turbulent 
combustion  gases  is  now  also  the  basis  of  a  collaborative  AGARD-NATO  supported  program  with  IST- 
Lisbon  (Profs.  M.  G.  Carvalho,  T.  Farias),  and  was  applied  earlier  by  Aerojet  Corp.to  develop  (NASA 
support)  a  model  for  application  to  rocket  chambers  and  nozzles.  Extensions  to  jet  engine  nozzles  have 
been  made  by  M.T.  Nys  at  Pratt  &  Whitney  Engine  Business  in  W.  Palm  Beach  FL.  Applications  of  our 
AFOSR  and  DOE-supported  research  (on  the  correlation  of  inertial  impaction  by  cylinders  in  crossflow) 
recently  made  by  the  National  Engineering  Laboratory  (NEL)  of  Glasgow  and  somewhat  similar  to  those 
reported  earlier  by  the  Combustion  R&D  groups  at  MIT,  Sandia-Livermore  CRF  and  Penn  State  U,  are 
now  being  taken  up  by  VTT-Energy/ Aerosol  Technology  Group,  in  Finland. 

For  calculating  suspended  particle  concentrations  along  trajectories  outside  of  aircraft  (involved  in 
atmospheric  sampling),  or  inside  of  CVD  reactors,  A.  S.  Geller  and  D.  J.  Rader  of  Sandia- Albuquerque 
have  adopted  a  method  developed  in  our  earlier  AFOSR  work  (Fernandez  de  la  Mora,  1981),  and  recently 
applied  in  our  own  studies  of  particle  motion  in  laminar  boimdary  layers  with  streamwise  curvature 
(Konstandopoulos  and  Rosner,  1995).  Some  of  this  work  may  also  be  useful  in  future  sampling  studies 
of  condensation  nuclei  emerging  from  stratospheric  aircraft. 


Earlier  work  at  MIT,  PSI  and  Sandia  CRF  had  incorporated  our  rational  correlation  of  inertial 
particle  impaction  (e.g.  a  cylinder  in  cross-flow)  in  terms  of  our  effective  Stokes  number  (see,  eg. 
Rosner  and  Tandon,  1995a,b).  Now  our  correlations  of  deposition  by  simultaneous  thermophoresis  and 
inertia  are  being  used  in  the  interpretation  of  heat  exchanger  fouUng  data  in  Grenoble,  France. 
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In  the  area  of  multicomponent  vapor  deposition  in  combustion  systems  our  discussion  in  the  26th 
Comb.  Symposium  of  the  paper  of  Steinberg  and  Schofield  (Re:  alkali  salt  deposition  experiments)  cites 
our  earlier  relevant  work  and  may  lead  to  future  extensions.  Another  of  our  discussions  in  the  26th  Comb. 
Symposium  pertains  to  the  potentially  important  role  of  temperamre  "jump"  phenomena  (see,  eg.,  Rosner 
and  Papadopoulos,1996)  in  the  CARS  temperature  experiments  of  Bertagnolli  and  Lucht  on  the  growth  of 
diamond  films  using  combustion  techniques. 

Fruitful  opportunities  for  the  further  application  of  our  recent  research  on  the  morphology/transport 
properties  of  combustion-generated  particles  and  "non-Brownian"  convective  mass  transfer  for  particles 
and  vapors  now  exist  in  many  of  the  programs  currently  supported  by  the  US  Air  Force,  as  well  as 
civilian  sector  R&D.  This  includes  mass  transfer  and  fouling  aspects  of  fuel-coolant  breakdown  upstream 
of  high  pressure  aircraft  gas  turbine  combustors. 

4.  CONCLUSIONS 

The  ability  to  reliably  predict  the  transport  properties  and  stability  of  aggregated  flame- generated 
particles  (carbonaceous  soot,  B2O3,  Al203,...)t  is  important  for  many  technologies  relevant  to  the 
U.S.A.F.,  especially  jet  engine  and  ramjet  combustor  design.  Indeed,  realistic  soot  morphology  is  not 
yet  even  a  part  of  chemically  complex  sooting  laminar  flame  models,  and  the  computational  methods  used 
to  include  coagulation  dynamics  {eg.,  "moment"  or  "sectional"  )finite-difference)  methods)  donot  lend 
themselves  to  this  next  step.  Also,  some  properties  needed  to  correctly  interpret  the  results  of  recently 
introduced  laser  diagnostics  applied  in  research  on  soot  formation/suppression  {eg.,  laser-induced 
incandescence  (LII))  are  not  yet  available.  In  this  AFOSR  program  (94-1-0143)  considerable  experimental 
and  theoretical  progress  along  these  lines  has  been  made  (Section  2)  and  reported(Section  5).  These 
experimental  techniques,  together  with  closely  coupled  theoretical  calculations  of  particle  birth/dynamics  in 
counterflow  diffusion  flames  and  mixing/boundary  layers,  are  leading  to  a  valuable  understanding  of 
combustion-generated  ultra-fine  particles,  including  their  evolution/deposition  dynamics  in  turbulent  high 
pressure  systems. 


tFinely  divided  boron-  and  aluminum-based  fuel  additives  for  performance  enhancement  lead  to  non-carbonaceous  "soots"  in 
many  air-breathing  and  rocket  combustor  situations.  Moreover,  trace  inorganics  in  petroleum-based  fuels,  or  in  the  air 
breatbed  for  combustion  likewise  lead  to  submicron  inorganic  aerosols  affecting  system  performance,  including  jet-engine 
contrail  formation  in  the  stratosphere.  In  this  AFOSR  program  we  have  shown  that  soot  aggregates  from  a  wide  variety  of 
organic  and  inorganic  combustion  systems  exhibit  interesting  and  mechanistically  significant  morphological  similarities 
(Rosner,1996,  Koylu  et.al.,\995,  Xing  et.al.,\996) 
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found  to  be  1.52  and  2.4,  respectively.  The  final  products  were  larger  spherical  particles  with  up  to  60  nm 
diameter,  resulting  from  complete  "coUapse”  of  the  aggregates.  These  observations  were  shown  to  be 
compatible  with  our  independent  evaluation  of  the  characteristic  limes  associated  with  the  participating  rale 
processes  in  this  dass  of  two-phase  CDFs.  Systematic  modification  of  these  characteristic  times  can  be  used 
to  control  the  size  and  morpholep  of  flame -synthesized  particles. 


14.  MIliEa  TERMS 


nanoparticle  synthesis,  sintering,  thermophorctic  particle  sampling, 
nano-particle  formation/restnicturing  in  flames.  Brownian  coagulation  of  aggregates 
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Our  characteristic  erosion  rate  is  that  which  would  be  associated  with  the  mainstream  abrasive  particle  volume  flux  if  all  panicles  struck  at 
normal  incidence  with  the  mainstream  velocity.  U.  Dimensionless  erosion  rate  results  are  cast  in  terms  of  the  following  four  dimensionless 
parameters  chancterizing  the  erodent/cenmic  target  system  of  interest:  sensitivity  (exponent  n)  of  erosion  yield  to  projectile  incident 
velocity;  sensitivity  (exponent  m  appearing  in  )  of  erosion  yield  to  angle  of  incidence  ft.;  sensitivity  (exponent  /)  of  erosion  yield 

to  projectile  particle  size  (volume,  Vp);  and  the  reference  erosion  yield,  (here.  Cp  is  evaluated  at  100  ms“‘.  fti-ft.  and  Vp 
ooiTc^ionding  to  - 100  jun).  Based  on  our  preliminary  survey  of  available  erosion  yield  experimental  data,  we  provide  a  table  giving 
**best-fit'’  values  of  the  four  parameters;  /,  m,  n,  and  Cp^r  required  to  complete  a  prediction  of  local  and  spatially-averaged  erosion  rates 
according  to  our  present  formdism.  For  the  latter,  useful  closed-form  approximations  are  provided  for  convex  or  concave  cylindrical  target 
geometries  in  the  high  Stokes  number  limit.  Moreover,  convenient  correction  faaors  are  developed  to  account  for  a  ( Rosin-RamnUer )  particle 
size  distribution  in  the  erodent  mainstream,  and  mainstreams  not  perpendicular  to  the  cylinder  axis.  The  more  general  case  of  arbitrary  ( finite ) 
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